The pre-plasma effects have been extensively studied experimentally and numerically and techniques for suppressing the pre-pulse are known widely. However, the increasing availability of the (multi-)PW-class laser systems enables to perform experiments with ultra-high laser intensities. The simulations of the pre-plasma formation and the effect on the main laser pulse must be reconsidered, since the systems are always limited in the contrast available and the created pre-plasma affects the interaction considerably. Our recent investigation of the topic revealed that the non-local transport of energy going beyond the paradigm of the diffusive approximation plays an important role in the process. An over-critical plateau is formed, where the main pulse is absorbed partially before reaching the solid target. Moreover, strong filamentation of the laser field occurs in the plasma. This effect is studied further by the means of the hydrodynamic simulations of the pre-plasma followed by the kinetic simulations of the interaction of the main pulse.
INTRODUCTION
New frontiers are opening to the laser plasma research as the intensities available at the laser systems increase worldwide.
1 With (multi-)PW-class laser systems available, the laser-plasma interaction (LPI) enters even the ultra-relativistic regime as the intensity tops 1 · 10 22 W/cm 2 . However, new challenges must be faced, since all laser systems are subject to a limited contrast. The intensity of the pre-pulse even with best effort gets far beyond the ionization threshold of the target, leading to formation of the pre-plasma. 2 The importance of the effect of the pre-plasma on the experimental results is well-known for lower intensities.
3 Although, the effect on the experiments with ultra-intense lasers is far less explored and neglected in the theory usually. Therefore, we investigate these phenomena in detail by combination of the appropriate numerical methods, where the hydrodynamic description is used for the pre-pulse simulation and the kinetic particle model for the main pulse of the laser. The relevance of this research is not limited to the ultra-intense lasers at world-leading laser facilities such as ELI Beamlines, 4-7 APOLLON 8 or SULF. 9 In the broader context, it points out that the pre-pulse interaction should be reconsidered for applications like ion acceleration 10 or shock ignition, 11 because discrepancies between the results with the classical heat diffusion model and the non-local radiation transport are observed. Following the previous effort with low-Z materials, 12 also the results with a mid-Z material are presented.
MODELS
The problem of interest is the interaction of a laser pulse with a massive solid target. To resemble the real conditions, where only a limited contrast is available, the full temporal profile of the laser pulse is modelled as a flat-top pre-pulse (with a small initial ramp, see Sec. 3) with the laser intensity I pre and the Gaussian main pulse with the peak intensity I L . The particular values used in the simulations are given in Sec. 3 together with the rest of the numerical setup. However, it must be mentioned that the length of the pre-pulse τ pre is of the order of nanoseconds, while the length of the main pulse τ L is less than one picosecond. The complexity of the laser-target interaction with such laser pulse requires to combine both methods, the hydrodynamic and particle description. The former is used for the simulation of the pre-pulse as described in Sec. 2.1, while the latter is applied to the main pulse according to Sec. 2.2.
In order to provide a better insight into the physics of the pre-plasma, the problem is formulated as onedimensional, i.e. the laser pulse is modelled as a plane wave. The hydrodynamic simulations are performed in 1D and extended in the transversal direction defining the initial condition for the 2D PIC (Particle-In-Cell) simulation. However, the symmetry of the problem is broken there as shown in Sec. 3 manifesting the instabilities occurring in the pre-plasma. The 1D formulation of the problem then gives rather a statistical impression about these transient phenomena involved in the interaction.
Hydrodynamic model
The collisionally dominant regime of the laser-plasma interaction can be modelled in terms of the hydrodynamic approach in a good approximation. The plasma is described as an inviscid two-temperature fluid governed by the Euler equations, which are solved numerically. In particular, the Lagrangian code PETE has been used for this purpose, which offers fully non-local radiation transport among other features. 13 In the approximation of the gray-body and with absorptive processes dominating over the scattering in the laser plasma, 14 the equation of radiation transport takes the form:
where I = I(t, x, ϕ, θ) is the radiation intensity defined at time t, space coordinate x, polar angle ϕ and azimuthal angle θ. The unit vector n points in the direction of propagation, i.e. it takes the form n = (cos ϕ, sin θ sin ϕ, cos θ sin ϕ) T in the three-dimensional case. The rest of the symbols are defined as follows: c the speed of light in vacuum, ρ the mass density and S the black-body source function. The last but not least, κ is the average gray-body total opacity, which presents an interpolation between the Planck and Rosseland opacities depending on the non-locality of the transport. 13 In particular the measure of the non-locality is the reduced radiation flux f R = |q R | /(c R ) in this case, i.e. the radiation flux q R = I cos ϕ sin ϕ dϕ dθ normalized to the product of the radiation energy calculated as c R = I sin ϕ dϕ dθ. This presents an improvement over our previous simulations 12 and reflects better the energy dependency of the opacity in the simulations with mid-Z targets used in Sec. 3, where the radiation transport becomes the dominant energy transport mechanism in the plasma.
Particle-in-cell model
We have performed 2D PIC simulations in the open-source code EPOCH 15 to asses the role of the created pre-plasma on laser pulse propagation. The EPOCH code is a relativistic electrodynamic PIC code enabling to perform numerical simulations in which both, the radiation reaction 16 and electron-positron pair creation via the Breit-Wheeler process, 17 are included.
The PIC simulation is initialized from the data computed by the hydrodynamic model. However, the prohibitive computational demands of the simulation effectively disable simulation of the progressing ionization of the target of the solid density. Fortunately, the process of ionization is very rapid for the laser intensities considered and does not play a vital role in the full physical scenario. Therefore, the full ionization is considered for the mass density profiles originating from the hydrodynamic part. Likewise, heating of the electrons during the pre-pulse is negligible compared to the energies obtained by the electrons in the interaction with the main pulse. Hence, the initial electron temperature in the PIC simulation is set to zero uniformly.
NUMERICAL RESULTS
The numerical simulations of the full laser interaction were performed with a solid Aluminium target with the initial temperature T 0 = 0.03 eV and density ρ 0 = 2.7 g/cm 3 . The laser pulse is modelled as a plane wave with the temporal profile consisting of the two parts, the pre-pulse and the main pulse, as described in Sec. 2. The pre-pulse has a flat-top profile of the total length τ pre = 6 ns with the intensity I pre = 1 · 10 12 W/cm 2 with an initial half-Gaussian ramp of the length 600 ps and equal FWHM (Full-Width-at-Half-Maximum). The main pulse following the pre-pulse had Guassian profile with FWHM width τ L = 150 fs and the peak intensity I L = 1 · 10 23 W/cm 2 , where the excellent contrast 10 11 was considered to mimic the expected parameters of the L4 laser system at ELI Beamlines.
5, 7 Accordingly, the laser wavelength (in vacuum) was set to λ 0 = 1.05 µm corresponding to the fundamental frequency of the Nd:glass laser 1/τ 0 = 2.855 · 10 14 s −1 .
The hydrodynamic simulations were performed with the geometrical computational mesh spanning from −100 µm to 0 µm with 1000 computational cells and the geometrical factor 0.992 (the mesh is geometrically denser towards the frontal surface). For the laser absorption, a full wave-based laser absorption algorithm was used.
18 The equation-of-state for Aluminium was taken from the SESAME database 19, 20 (material id: 3720) interpolated by the HerEOS library. 21 The model of the flux-limited heat conduction was applied with the heat flux limiter set to 0.05 of the free streaming flux.
In our 2D PIC simulations we studied interaction of a laser pulse with the created pre-plasma for the case with the non-local radiation transport and without it. The simulations were performed without RadiationReaction model for the moment, but a comparison with the simulations including this model is planned for the nearest future. The simulation box of dimensions 10 µm × 400 µm was resolved with 600 × 24, 000 cells. The periodic boundary conditions for the electromagnetic field were applied following the assumption of the onedimensional formulation of the problem. The fully ionized plasma composed of free electrons and aluminium ions is represented by 10 macro-particles per cell for each specie. The longitudinal profile of the plasma density were taken from the output of the presented hydrodynamic simulations and extended in the transverse direction. The simulation domain spanned over the interval from −200 µm to 200 µm in the coordinate system of the hydrodynamic simulation, where the center of the laser pulse was initialized at the position 245 µm at the beginning of the simulation. The electron density profiles normalized to the non-relativistic critical density n c = 1.011 · 10 21 1/cm 3 resulting from the hydrodynamic simulations are shown in Figure 1 . These profiles then served as the initial condition of the PIC simulations with cut-off at 0.2 n c as marked in the plot. The difference between the two cases considered is immediate, the non-local transport of radiation gives rise to the over-dense plasma plateau in the interval from −5 µm to 35 µm approximately. This structure is known as the double-ablation-front (DAF) and appears in the laser plasma naturally as consequence of the local equilibrium between the radiation transport of energy and the hydrodynamic work. 22, 23 As can be recognized from the radiation Knudsen number Kn R = 1/(ρκ) d(ln R )/ dx, the photons remain considerably non-local even after entering this area and efficiently transport the energy deposited in the vicinity of the critical plane by the laser deep into the plasma. This energy flux is compensated by the expansion of the plasma fluid as reflected by the nearly flat profile of the Boltzmann number Bo = 5/2(p e + p i )|u| /(σT 4 R ), where p e and p i are the electron and ion pressures respectively, u is the single-fluid velocity, σ the Stefan-Boltzmann constant and T R the radiation temperature related to the radiation energy as R = 4σ/c T 4 R . The characteristic DAF profile is then formed as a consequence of this quasiequilibrium. The regime of moderate Kn R observed in this zone is the most difficult for description, because the classical diffusion approximation is not valid there and the non-local description consistent with the diffusion in the limit of low Kn R must be used instead.
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Figure 2. The spatial plasma profiles in 2D PIC simulations at time t = 54τ0 . = 189 fs. The simulations with the non-local radiation transport denoted as "NLRT" are in the upper half and the simulations with only the heat diffusion denoted as "DIFF" are in the lower half. The first row in each part is the electron density ne normalized to the non-relativistic critical density nc. The second row is the intensity of the electromagnetic field.
The results of the 2D PIC simulations are presented in Figure 2 for time t = 189 fs (measured from the beginning of the PIC simulation), i.e. short before the laser pulse hits the solid target. A qualitative difference is clearly visible there. In the case with the DAF structure (denoted as "NLRT"), the laser is being strongly filamented due to the over-dense pre-plasma before reaching the target. In addition, the electromagnetic wavepacket of the laser pulse is being slowed down due to the decreasing group velocity. In contrast, the simulation without the over-dense pre-plasma does not exhibit almost any filamentation before the interaction with the solid target and the group velocity remains nearly unaltered. The laser crosses the pre-plasma interacting with it only negligibly, where only small protuberances close to the surface of the target are observed.
The total energy of the electromagnetic field ε L in Figure 3 supports the statements of the previous paragraph. Due to the negligible plasma density in the right part of the computational domain, the laser pulse enters the domain without any observable attenuation and nearly reaches the maximal energy of the reference pulse propagating in vacuum. A considerable absorption can be observed from 150 fs approximately when the pulse enters the denser plasma. At time of the Figure 2 (t = 189 fs), the difference between the simulations with and without the non-local radiation transport makes 6.5 % already (normalized to the reference simulation). At the end of the simulation, the curves saturate indicating that the interaction ends there too. The total reflectivity of the target then can be understood as the ratio of the actual energy of the field to the reference one. Following this definition, the reflectivity with the non-local radiation transport is 27 % and 38 % without it. This shows that the absorption is significantly higher with the over-dense pre-plasma in addition to the apparent filamentation.
CONCLUSIONS
Summarizing the results of Sec. 3, it becomes clear that the pre-plasma certainly cannot be neglected even for the ultra-relativistic interaction of a laser with an initially solid target. Moreover, the approximation of only the heat diffusion without the radiation transport is not sufficient for the description of the pre-pulse. The non-local radiation transport results in formation of an over-dense plasma plateau, which strongly filaments the laser wave and increases the overall absorption by 11 % approximately. This effect agrees with our previous results for low-Z materials. 12 All together, the studies disprove the usual shortcoming that the pre-plasma profile can be modelled as a simple exponential profile for the purposes of the PIC simulations of ultra-intense lasers that are becoming available today. Undoubtedly, the problem considered a plane wave initially, so the quantitative nature of the results is limited, because the effects of focusing and diffraction are not taken into account, but the qualitative differences are immediate. The full 2D/3D simulations of the laser interaction with the target remain topics of the future research.
